Copper-and zinc-containing superoxide dismutases ([Cu,Zn]-SODS) are generally considered almost exclusively eukaryotic enzymes, protecting the cytosol and extracellular compartments of higher organisms from damage by oxygen free-radicals. The recent description of a few examples of bacterial forms of the enzyme, located in the periplasm of different Gram-negative micro-organisms, prompted a re-evaluation of this general perception. A PCRbased approach has been developed and used successfully to identify bacterial genes encoding [Cu,Zn] 
INTRODUCTION
The metalloenzyme superoxide dismutase (SOD) catalyses the conversion of superoxide radical anion to oxygen and hydrogen peroxide (McCord & Fridovich, 1969) in the first of a series of protective reactions that remove cytotoxic free radicals generated during the reduction of molecular oxygen. Virtually all cells have one The GenBanBEMBL accession numbers for the nucleotide and protein sequences reported in this paper are X83122, X83123, X83124, X83125, X83126.
or more cytosolic SODs to scavenge radicals released during aerobic metabolism, while higher eukaryotes produce in addition an extracellular form of the enzyme (Hjalmarsson et a/., 1987) presumed to have a cytoprotective function. The enzymes which prokaryotes and eukaryotes produce are, however, strikingly different. Of the many bacterial SODs which have been characterized, two groups can be distinguished on the basis of their central metal cation -manganese [Mn] or iron [Fe] . Both groups exhibit extensive primary sequence and structural similarity, suggesting a divergent evolutionary path from a common ancestor (Grace, 1990) . Both are confined to the cytosol. In contrast, while eukaryotes harbour a [Mnl-SOD in mitochondria, a copper-and zinc-[Cu,Zn]-containing enzyme (constituted as a dimer of identical subunits) is found in the cytosol, while a second, different, [Cu,Zn] -SOD is found as the extracellular form. [Cu,Zn] SODs show no sequence similarity to [Fel-or [Mnl-SOD, suggesting that the two classes of enzyme arose in-dependently (Grace, 1990) , perhaps reflecting convergent evolution on an important phenotype.
The discovery that the bacterial endosymbiont of the ponyfish, Photobacterium leiognatbi, produced a [Cu,Zn]-SOD (Puget & Michelson, 1974 ) generated considerable controversy. An early hypothesis of horizontal gene transfer to the bacterium from the host (Bannister & Parker, 1985) has become increasingly hard to sustain as [Cu,Zn] -SOD genes and/or activities have been discovered in a slowly expanding list of organisms including Cazllobacter crescentzls (S teinman, 1 982), Paracocczls denitrificanS (Vignais et al., 1982) , some pseudomonads (Steinman, 1985) , Brzlcella abortus (Beck et al., 1900) , and Haemopbilzls infzlenaae and Haemopbilzlsparain~uenfZt/enZae (Kroll e t al., 1991) . Most recently, a SOD, judged to be a copperand zinc-containing enzyme on the basis of inhibition by cyanide and inactivation by hydrogen peroxide, has been detected in an Escbericbia coli strain (Benov & Fridovich, 1994) .
The observation that the genes cloned from Pbo. leiognatbi, C. crescentzls and the Haemopbilzls species encode proteins with N-terminal sequences characteristic of leader peptides, suggesting localization outside the cytosol (confirmed as periplasmic in C. crescentus and H. parainfuenaae) (Steinman, 1987; Steinman & Ely, 1990; Kroll e t al., 1991) , further suggests that bacterial [Cu,Zn]-SODS might fulfil a different biological role to the Fe-or Mncontaining enzymes, more analogous to eukaryotic extracellular [Cu,Zn]-SODS in dismuting exogenously derived superoxide. This might be of particular benefit to organisms colonizing a well-oxygenated environment, or for pathogens exposed to the burst of oxygen free-radicals released in the course of phagocytic cell host defence activity, and in the latter could be conceived as a determinant of virulence. Such generalizing hypotheses cannot, however, be developed while the catalogue of bacterial species making the enzyme remains so small, and the examples so diverse. Our discovery of [Cu,Zn] -SOD in different Haemopbilzls species that colonize or invade the human respiratory tract (Kroll etal., 1991 ; Langford etal., 1992) led us to speculate that the enzyme may be much more widely distributed among bacteria than until now appreciated. Here we report the result of a systematic examination of the diverse Haemopbilus-ActinobacillusPasteurella (HAP) group of bacteria in an attempt to delineate the species range and diversity of this enzyme as a first step to defining its role in the interactive biology of these human and veterinary bacterial pathogens and their hosts. 
METHODS
McGuinness et al.
Hanahan (1 983) work are identified further in Table 1 . Brain-heart infusion, where necessary supplemented with 2 pg NAD ml-' and 10 pg Extraction of bacterial cell proteins, gel electrophoresis and detection of SOD. The cell pellet from 25 ml exponentially growing aerobic cultures was broken up by freeze-thawing followed by sonication as previously described by Kroll et al. (1991) .
PAGE conditions were 4-5 % (w/v) stacking gel (pH 8.3) and 10% (w/v) separating gel (pH 8.9) using the buffer system of Davis (1964) except that the pH of the upper buffer was raised to 8-9 with 10 M NaOH.
SOD activity in PAGE gels was visualized by the method of Beauchamp & Fridovich (1971) as modified by Steinman (1985) . When used as an inhibitor of SOD activity, potassium cyanide was added to the riboflavin-TEMED solution to a final concentration of 2 mM. Recombinant DNA methods. Standard methods were used for preparation of chromosomal DNA, restriction analysis, Southern blotting, plasmid cloning and preparation of plasmid DNA (Sambrook e t al., 1989) . Southern blots were probed to -80 YO stringency in 0.015 M NaC1, 0.0015 M sodium citrate, 0.1 ?LO SDS at 45 "C for 1 h with three changes of buffer prior to autoradiography carried out at -70 "C.
Amplification of DNA by PCR. Reactions were carried out in a total volume of 100 pl containing 100 ng of each primer (Fig. l) , deoxynucleoside triphosphates (each at a concentration of 200 pM), gelatin (0-01 YO, w/v), MgC1, (2.5 mM), Tris, pH 8 (10 mM), KC1 (50 mM), and 2 U Taqpolymerase (Perkin-Elmer Cetus). The PCR mixture was irradiated with ultraviolet light to cross-link any contaminating DNA before template was added (Sarkar & Sommer, 1990) . Samples were overlaid with mineral oil and processed through 30 cycles [2 min at 94 "C (denaturation), 2 min at 42 "C (annealing), 2 min at 72 "C (extension)]. Nucleotide sequence determination. Nucleotide sequences were determined by the dideoxy chain-termination method (Sanger et al., 1977) using denatured plasmid templates (Hettari & Sakakai, 1986 Indexed Nucleotide/peptide sequences) (Gonnet et al., 1992 ; Gonnet, 1992 Gonnet, , 1994 was used for multiple sequence comparisons. (Kroll e t al., 1991; Steinman, 1982 Steinman, , 1987 Beck et al., 1990) were used to identify conserved regions in the middle (around the enzymically/ structurally important His and Cys residues) (Getzoff e t al., 1989) , and near the C-terminus of the enzyme. From these, degenerate oligonucleotide primers (5' univsod and 3' univsod) were designed to match the corresponding regions of sodC. Haemopbilns codon bias (Kroll et al., 1990) was applied to contain oligonucleotide degeneracy within manageable bounds @-fold for 5' univsod, 128-fold for 3' univsod, Fig. 1 ).
RESULTS

Initial
5' Univsod and 3' univsod were used in PCR reactions with chromosomal DNA from H . infaenxae and H. parainfaeenxae strains known to contain sodC; they amplified a 310 bp fragment as expected from the published sequence . Representative strains of HAP bacteria (Table 1) were then examined in an attempt to amplify intervening nucleotide sequence from a [Cu,Zn]-SOD gene. Amongst the multiple products inevitably obtained with degenerate primers of this sort, prominent bands of around 310 bp were seen in each case. No amplification product was found when no template was present, or when chromosomal DNA from E. cnli strain DH5a was used (Fig. 2) . In view of the success of this approach, DNA was prepared from other bacterial pathogens of the upper respiratory and genital mucosa and examined in the same way. Strains of Neisseria meningitidis (a Gram-negative pathogen of major medical importance responsible for life-threatening meningococcal septicaemia and meningitis) yielded a comparable amplification product (Fig. 2) (Figs 3 and 4) . The close similarities strongly suggested that in each case a sodC homologue had been identified. In order to assess whether these genes encoded active [Cu,Zn]-SOD , Actinobacilltls species were examined in more detail. The cloned fragment from A. plearopneamoniae strain S1421 (with 80.1 % sequence identity to the original Haemopbiltls probe) was used as a Southern hybridization probe against DNA extracted from a range of serotypes of that species and DNA from other pathogenic Actinobacillus spp. It hybridized strongly to a single chromosomal fragment in all cases, indicating the presence of sodC DNA in each (data not presented). A range of these strains was grown aerobically in rapidly shaking liquid culture, harvested in the late-exponential phase, and whole cell extracts were examined for SOD activity by nondenaturing PAGE. Under the gel conditions described by Steinman (1985) , a cyanide-sensitive band of SOD activity characteristic of [Cu,Zn]-SOD was identified in each case (Fig. 5) . In similar experiments, the presence of active [Cu,Zn]-SOD was confirmed in all the species with sodC sequence considered here (data not shown).
The set of five new bacterial [Cu,Zn]-SOD sequence segments, all five previously known examples, and a selection of intracellular and extracellular [Cu,Zn]-SOD sequence segments from eukaryotes ranging from yeast to humans were compared all-against-all using the interactive system for sequence matching and data analysis (DARWIN) (Gonnet et al., 1992; Gonnet, 1992 Gonnet, , 1994 , developed and maintained at the Institut fur Wissenschaftliches Rechen at the Eidgenossische Technische Hochschule, Zurich, and accessed via the Internet. Using the computer program Mulalignment to demonstrate optimal alignments, it is clear that there are substantial differences between the prokaryotic and eukaryotic examples of this enzyme (Fig. 4) basis. In the resulting unrooted dendrogram (Fig. 6 ), pairwise relationships are displayed according to the principle that the length of the tree branch path joining two peptide sequences is in proportion to their degree of homology, calculated as the PAM distance (Percentage Accepted Mutations) separating two sequences (Gonnet et al., 1992; Gonnet, 1994) . Short PAM distances thus signify close similarity of sequence, and long distances, correspondingly divergent sequence, and this treatment demonstrates clearly that the prokaryotic and eukaryotic sequences fall into two widely separated lineages, with the unique C. crescentus sequence highly divergent from all the other examples.
DISCUSSION
Our results suggest that the capacity to make [Cu,Zn]-SOD, encoded by sodC, is far more widely present in bacteria than has previously been recognized, occurring in diverse colonists and pathogens of the respiratory and genital tracts. Two factors may have contributed to frustrate previous attempts to detect the enzyme in prokaryotes. The first is the selection of conditions under which bacteria are to be cultured, as we have found that the level of [Cu,Zn]-SOD activity can be considerably increased when organisms are grown in shaking liquid media rather than on nutrient agar plates. In agreement with this observation, production of the E. coli putative [Cu,Zn]-SOD is strongly induced during aerobic growth (Benov & Fridovich, 1994) . While the simplest inference is that sodC transcription is positively regulated by aerobiosis, this awaits further investigation. The second is the selection of conditions under which to run nondenaturing gels to detect [Cu,Zn]-SOD activity. In gels prepared with p H 7.8 buffer, the protein migrated very slowly, producing a band of activity that is diffuse and hard to separate from background. Increasing the p H of the stacking gel to 8.3 and that of the separating gel to 8.9 as suggested by Steinman (1985) has allowed somewhat clearer resolution, though it is possible in some cases that proteins may be denatured and so not detected under these conditions (Steinman, 1985) .
The PCR approach using the univsods as oligonucleotide primers has proved a powerful means, complementary to enzymological methods, for finding these genes, successfully allowing amplification of a part of sodC from many organisms and so making straightforward the cloning of whole genes and their flanking sequences. While by this method the range of examples of bacterial [Cu,Zn]-SOD has been greatly widened, failure in amplifying a homologous sequence from a particular organism is of course no proof of its absence. in the intriguing observation, long established, that many strains produce only very low levels of SOD despite their efficient survival in an oxygen-free-radical-rich environment (Norrod & Morse, 1979) . This raises the question of whether they make a novel, hard-to-detect [Cu,Zn]-SOD -perhaps a cytoplasmic version -instead of the usual [Mnl-or [Fel-enzyme. Although our preliminary studies have failed to amplify sodC DNA from a few strains, this is clearly a problem to be revisited once further primers are available. Fig. 6. Graphical representation of peptide sequence differences computed on the basis of PAM distances (Gonnet 1992 (Gonnet , 1994 . PAM distances are shown as the relative lengths of each line on the figure (drawn to scale), originating at the centroid (small unlabelled circle). Sequences are identified by single-letter labels as in Fig. 4 . Among the bacterial sequences, close similarity, and thus short separating PAM distances, has led to the labels k, I, p and n, in that order top-to-bottom, overlying one another.
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residues which had previously been considered invariant. Eleven of their 23 residues lie within the region considered here. Getzoff et al., 1989) to form a tight contact across the enzyme dimer interface, but LeuloG, thought to be important as a bulky hydrophobic residue maintaining the Greek key p-barrel fold, is replaced in C. crescentzls, again anomalous, with Ala. While conclusions like these, agreeing with and extending those of Bordo e t al. (1994) , suggest that certain residues have key importance in determining structure or function, the unpredictable consequences of substitutions distant from the active site or other key contact regions, as suggested by Bordo et al. (1994) in the case of the C. crescentzls Zn ligand, emphasize the need for the determination of the crystal structure of one or more bacterial [Cu,Zn]-SODS. Finally, the discovery that [Cu,Zn]-SOD is quite widespread in mucosal colonists and pathogens rather than a great rarity has biological implications. In each of the organisms that has been found to produce [Cu,Zn]-SOD, a conventional [Fel-or [Mnl- SOD is also present ( Fig. 4 ; Langford e t al., 1992 ; Steinman, 1992 Steinman, ,1985 Steinman, ,1982 Vignais e t al., 1982; and our unpublished results) . In those new examples of [Cu,Zn] -SOD genes that we have cloned in entirety (the Actinobacillzls spp. and N . meningitidis; data not presented), the nucleotide sequence, like those previously published, in each case encodes a protein starting with an N-terminal leader peptide motif, suggesting that the enzyme is extra-cytosolic. As superoxide radical anion generated in the cytosol cannot diffuse across the bacterial inner membrane (Hassan & Fridovich, 1979) , this strongly suggests that while the conventional enzyme disposes of metabolically generated superoxide, the [Cu,Zn]-SOD has a distinct role in the interactive biology of the organism with its environment. A role for surfaceassociated SOD in microbial pathogenicity has been identified for Nocardia asteroides (Beaman & Beaman, 1990) , and suggested for B. abortzts (Tatum e t al., 1992) , while production by M. tzlberczllosis of an extracellular [Fel-SOD (Zhang e t al., 1991) may contribute to the capacity of that organism to survive within macrophages.
Pathogens like A . plezlropnezlmoniae, H. dzlcreyi and N . meningitidis colonize mucosal surfaces conventionally regarded as aerobic and further excite production of superoxide by phagocytic cells in the course of the inflammatory reaction they provoke. Extra-cytosolic bacterial [Cu,Zn]-SOD may promote their survival by enhancing resistance to the cytotoxic effects of oxygen free-radicals through modulation of the concentrations of superoxide and hydrogen peroxide generated spontaneously in their environment or during the respiratoryburst phase of host defence.
